Abstract-A scanning antenna at THz region is proposed and developed based on the quasi-optical techniques. It is composed of extended hemispherical lens/dielectric waveguide feed, inverse Cassegrain antenna, and transform lens. The extended hemispherical lens/dielectric waveguide feed is the key innovation of the scanning antenna. The inverse Cassegrain antenna is realized at THz region with special process and techniques, and the transform lens is used to match the input beam and the quasi-optical feed. The properties of the quasi-optical antenna are simulated with the FDTD method, and the experiments are carried out. The measured radiation pattern of the antenna is in agreement with the simulated result.
INTRODUCTION
THz techniques have attracted much attention from researchers all over the world [1] . Many THz components, such as frequency selective surface [2] , switch [3] , sensing device [4] , waveguide [5] , and many THz phenomena [6] [7] [8] [9] have been studied. THz antenna is an important component in THz system. In some THz detecting systems, a scanning antenna is required, which can steer beam from one direction to another. The antennas working at THz region have been studied by many scholars [10] [11] [12] [13] [14] , but they are not convenient to be used as a scanning antenna, because they are integrated with superconductive receiver or fixed with other components [10] [11] [12] [13] . If a BWO's (Back Wave Oscillator) THz source or a SC (Super Conductive) receiver is integrated with the antenna, it is very hard to steer the beam due to the big volume and heavy weight of the system. Therefore, a compact scanning antenna, which is not integrated with the BWO's THz source or the SC receiver, is needed. In microwave and millimeter wave bands, the conical scanning or the monopulse antennas including the parabolic reflector and waveguide slots array antennas are conventionally used in tracking radar. The mirror antenna is also used at millimeter wave band [15] , as this antenna is compact and has the advantage of a 2/1 beam movement versus mirror tilt. However, the conical scan and object tracking cannot be implemented synchronously by the mirror antenna in [15] , because the feed horn is fixed. If the feed horn of the mirror antenna in [15] is replaced by four waveguide horns connecting with comparators, a high performance monopulse scanning antenna is obtained, and the object tracking can be implemented. However, at THz region, the waveguide comparator is very difficult to manufacture because of its small size and high requirement of the precision finishing. In [16] , the conical scanning antennas in W band are reviewed. One is called the horn-lens antenna, which is composed of a standard rectangular horn illuminating a plano-convex Teflon lens. A disk of cross-linked polystyrene was inserted between the lens and horn with an angle to displace the beam off the boresight. Spinning the disk can produce appropriate beam nutation for conical scanning operation. However, this antenna cannot scan over a wide angle. Another one is a twisted reflector, which is called mirror antenna in [15] . The realization of the conical scan or beam nutation is obtained by physically generating a circular displacement of the feed horn. Although it had been said in [16] : "It was found that a 100 mm length of standard coin silver waveguide could easily be flexed by that amount using an eccentric cam driven by a small DC motor. A test gig was built, and extended tests could detect no sign of fatigue in the waveguide", actually, it is very difficult to generate a circular displacement of the feed horn at THz region. The size of standard waveguide at THz region is very small, and the insertion loss is high [15] . The waveguide spin joint needs choke to prevent wave leakage from the joint, and the gig will be insecure. On the other hand, we prefer the mirror antenna illuminated by monopulse feed horns to the conical scanning with circular displacement of feed horn at W band. Another conical scanning technique based on the beam waveguide is presented in [17] . This technique is used in some larger scanning antennas, such as radio astronomy or deep-space exploration; it is seldom used in tracking radar because the scanning process is different from that used in tracking radar. The quasi-optical comparator, which may be used in THz region, had been studied [18] , but the monopulse scanning antenna based on quasi-optical comparator at THz region needs further study. Many other scanning methods have been described in [19] [20] [21] [22] [23] [24] [25] [26] , which are not applicable to the tracking radar.
In this paper, the conical scanning antenna is considered. We chose mirror antenna or twisted reflector here as the THz scanning antenna. However, the waveguide horn feed of the twisted reflector is replaced by a quasi-optical feed. As stated above, to generate a circular displacement of the feed horn and to fabricate small waveguide spin joint with choke at THz region are very difficult, so a quasi-optical feed, which can implement conical scanning function, is proposed and studied. The tracking-scanning antenna at THz region is composed by the quasi-optical feed and mirror antenna or twisted reflector. The configuration and performance will be explained and simulated in the following sections.
ANTENNA CONFIGURATIONS AND WORKING PRINCIPLE
The proposed tracking-scanning antenna at THz region is depicted in Fig. 1 . A Gaussian beam is generated by a corrugated horn (it is omitted here) at THz region, and then the beam impacts on the lens L1. L1 is a transform lens, which is used to match the input beam and the quasi-optical feed L2. The wave is focalized to the extended hemispherical lens of L2, and then the extended hemispherical lens guides the wave to the dielectric waveguide feed. Finally, the wave radiates from the feed of L2. G1 is a planar grating with its grating having an angle of 45 • with the polarization direction of the wave, and there is a hole in the center of G1, so the feed of L2 can pass through it. G2 is a parabolic grating, and its metal grating is parallel with the polarization direction of the wave radiated from the feed. Thus, the wave radiated from the dielectric waveguide feed is firstly reflected by the parabolic grating G2 and then impacts on the planar grating G1. The reflected wave is reflected by the planar grating G1 again. In the meantime, the polarization of the wave is twisted by 90 • . As the reflected wave by G1 is perpendicular to the metal grating of G2, it can pass through G2 and radiate.
Extended Hemispherical Lens Off-axial Dialectical Waveguide Feed Figure 2 . The geometry of the extended hemispherical lens/dielectric waveguide feed.
The extended hemispherical lens/dielectric waveguide feed L2 is installed in an axletree, which is fixed on the optical setup. As L2 has a large diameter, it is easier to install it in an axletree than to fabricate the standard waveguide spin joint and choke at THz region. The dielectric waveguide feed of L2 is displaced off the axis of the extended hemispherical lens with a displacement D in Fig. 2 . So, it can generate circular displacement of the feed by spinning L2. L2 is easier, more efficient and convenient to fabricate than the standard horn with the flexed waveguide and the waveguide spin joint as well as the choke. The feed waveguide of the standard horn can also be substituted by the quasi-optical lenses. At THz region, quasi-optical techniques have the advantages of low loss and ease in fabrication over the standard waveguide, so the quasi-optical feed L2 is proposed for the scanning antenna in this paper.
L1 and G2 are fixed on the optical setup. G1 is fixed on a gimbal on the optical setup. The tracking is performed by spinning the quasioptical feed L2 as in Fig. 3 , and the scanning of the antenna is realized by steering the planar grating G1 as in Fig. 4 .
As stated above, the quasi-optical feed L2 plays a key role in the tracking-scanning antenna. By using this configuration, the fabrications of the feed are easily solved. It is the innovation part of the scanning antenna. Therefore, the BWO's source or SC receiver can connect the scanning antenna through quasi-optical Gaussian beam. 
SIMULATIONS

Simulations of the Antenna
Whether the proposed antenna has the expected properties has to be verified carefully. The processes of the wave transmitting through the antenna are simulated by FDTD, and the results are given in Fig. 5 . Firstly, as in Fig. 5(a) , the input Gaussian beam is concentrated by lens L1 to the extended hemispherical lens of L2. And then, the wave is guided by lens L2 to the dielectric waveguide feed and is radiated from the feed (Fig. 5(b) ). The following processes are the same as the conventional mirror antenna in [15] at microwave or millimeter wave bands, which is also shown in Figs. 5(c)-(f). In the simulations, the radius of the extended hemispherical lens is R = 8 mm; the extended length is L = 5 mm; and the diameter of the feed is D f = 0.8 mm. The displacement of the feed is D = 0.2 mm.
The simulation results show that the quasi-optical antenna can work as we expected in Section 2.
When the feed is displaced with an amount, we also simulate the wave transmitting through the antenna, which is given in Fig. 6 . We can see that the phase front of the wave is not exactly perpendicular to the boresight of the antenna, where the red dash line is exactly perpendicular to the boresight of the antenna, i.e., the propagation direction of the radiated wave is slanted a little. So, spinning L2 can generate a circular displacement of the feed and perform the conic scanning. The Fourier transform is used to transform the field of time domain into the field of frequency domain on the radiation aperture of the antenna, and then the radiation pattern of the antenna is also obtained by using the Fourier transform. One example is shown in Fig. 7 , in which the antenna is scanning to −1 • . The maximal radiation direction of the antenna is deviated from the boresight, and the radiation pattern is not symmetry.
Simulations of the Parabolic Grating
The parabolic grating consists of many metal lines, which are parallel with each other and gilded on the inner surface of the dielectric parabolic substrate. The wave will pass through the grating if its polarization is perpendicular to the wires and will be reflected if its polarization is parallel with the wires. For the passing through case, the thickness of the substrate must be considered; otherwise, part of the wave will be reflected by the substrate. For the reflecting case, the effect of the substrate can be ignored. As the curvature radius of the substrate is larger than the wavelength, in local zone, the grating structure can be treated as planar grating. The FDTD method for the periodic structure is used to simulate this grating. The wire widths of the grating and grating period have been adjusted to reflect the parallel wave and pass through the perpendicular wave. In the simulation, the wire width of the grating is 0.02 mm, and the grating period is 0.06 mm. When the incident wave is in parallel polarization, the simulation results are given in Figs. 8(a), (b) . It can be seen that most energy of the incident wave is reflected and only a little passes through the grating as shown in Fig. 8(a) . S 11 (dB) of the grating, which is defined S 11 = 20 log 10 (E re /E in ) for different incident angles, is given in Fig. 8(b) , where E re is the reflected field, and E in is the incident field. When the incident wave is perpendicular polarization wave, the simulation results are given in Figs. 8(c), (d) for the same grating. It can be seen that most of the incident energy has passed through the grating, and only a little is reflected as shown in Fig. 8(c) . S 21 (dB) is defined as S 21 = 20 log 10 (E tr /E in ) of the grating, where E tr is transmitted wave, and E in is incident wave. For different incident angles, S 21 is given in Fig. 8(d) .
As shown above, more than 91% of the parallel wave is reflected by the grating (Fig. 8(b) ). However, more than 95% of the perpendicular wave can pass through the grating (Fig. 8(d) ). If the matching layers are added on both sides of the grating substrate, the performances of the grating can be improved further.
Simulations of the Planar Grating
The planar grating is used to twist the polarization of the wave reflected by the parabolic grating, so as the wave reflected by the planar grating can pass through the parabolic grating. The planar grating is made conventionally by many wires, which are parallel with each other and fixed on a metal plate. The wires have to be fixed on a circle edge of the grating. For our usage, a hole in the center of the grating is needed so as the extended hemispherical lens/dielectric waveguide feed can pass through the hole and illuminate the parabolic grating.
The wires are very difficult to be fixed because of the hole. Another type of grating may be constructed by a substrate, on which metal parallel lines are produced by photo light process. However, at THz region, the substrate silicon may be very thin because it has a high permittivity of 11.7. Then the substrate will be fragile, and it is difficult to manufacture the grating. We proposed a new reflecting grating structure that is called line groove grating as shown in Fig. 9 . When an incident wave impacts on the line groove grating, a part of the wave passes into the groove and is reflected at the bottom of the groove, and a part of that is reflected at the bank of the groove. Two reflected waves are combined to form the whole reflected wave of the grating again. By adjusting the parameters of the grating, such as groove width, groove depth, and the width of groove bank, which have been denoted in Fig. 9(a) , the polarization of the reflected wave will 
EXPERIMENTS
Platform Setup
To get the integration of the scanning antenna, the planar grating and parabolic grating have to be fabricated. The planar line groove grating is made by MEMs technique based on silicon. For the parabolic grating, we firstly make parabolic base of quartz with thin thickness by optical technique, and then the grating is made by a special photoetching on the base. The prototypes and details of the planar and parabolic gratings are shown in Fig. 10 .
The properties of the parabolic grating are measured as in Fig. 11 . Figure 11 . Measuring the properties of the parabolic grating, (a) without the grating, (b) wave perpendicular to the metal wires, (c) wave parallel to the metal wires.
We assume that P 0 is the power received by the detector without the grating inserted between the radiator and detector; P 1 is the power passing through the grating when the polarization of the wave is perpendicular to the metal wires of the grating; and P 2 is the power passing through the grating when the polarization of the wave is parallel to the metal wires of the grating. The measured results are 10 log(P 2 /P 0 ) = −13.8 dB and 10 log(P 1 /P 0 ) = −1.23 dB, which mean that about 95.8% of the wave is reflected by the grating in the 1st step of Fig. 1 , and there is an intersection lose of 1.23 dB in the 3rd step of Fig. 1 . The performances of the parabolic grating meet the requirements of the antenna system. Another key component is quasi-optical feed L2. Two kinds of material are used to make it. One is quartz, and the other is Teflon. Their prototypes are shown in Fig. 12 . As the quasi-optical feed L2 made of quartz is very crisp, and the machining precision is not enough, the one made of Teflon is finally used in the experiment. After all the elements of the antenna, such as L1, L2, G1 and G2, have been accomplished, the prototype of the scanning antenna G2 G1 L2 L1 Ax Figure 13 . prototype of the scanning antenna. is integrated. Its photo is given in Fig. 13 . L2 has been installed in an axletree, which is denoted by Ax in Fig. 13 , and the circular displacement of the feed can be performed by spinning L2 with a small motor. To get a good performance, careful adjusting is needed. The axis of each element should be collinear, and the distances between the elements have to be adjusted to get the maximum radiation power at the end. Fig. 14 shows the locale of the antenna experiment.
In the experiment, the BWO source QS2-180 with a multiplier of the Microtech Instruments Inc is used as the THz source. The working frequency is 0.45 THz. The Opto-acoustic THz Golay Cell detector is used to receive the signal.
The measurement setting of the antenna is depicted in Fig. 15 . Then the circular displacement of the feed is measured. Firstly, the detector and antenna are collimated, so the power detected is maximum. Then, by spinning L2 slowly, we can see that the power detected by the Golay Cell is decreased slowly and again increased to the maximum circularly. It means that the circular displacement of the feed is performed by spinning L2.
As the distance between the detector and antenna does not satisfy the far field condition, we can only measure the near field distribution by moving the Golay Cell detector on a cyclo-track with radius R. Because the Golay Cell can only detect the amplitude, the phase front of the near field is assumed to be plane as the wave reflected by G1 is a plane wave. Then, the far field radiation pattern of the antenna is calculated from the measured near field by using the diffraction integration formula.
In order to determine the gain of the scanning antenna, the near field of the lens after the horn is also measured after the scanning antenna is moved away as shown in Fig. 16 . The phase front of the radiated wave by the lens is taken as the phase front of Gaussian beam from the beam waist as denoted in Fig. 16 . Afterwards, its radiation pattern can also be calculated and compared to that of the scanning antenna. The radiation patterns of the scanning antenna are normalized to the maximum of radiation pattern of the lens.
Radiation Patterns
After building the experiment platform, the radiation patterns of the scanning-tracking antenna can be measured. The measured data of the near field and the computation results of the far field for both the lens and scanning antenna are given in Fig. 17 .
In Fig. 17 , the far field radiation patterns of the scanning antenna have been normalized to the maximum of the radiated pattern of the lens. The gains of the scanning antenna are lower about 5 dB than that of the lens as in Figs 
CONCLUSIONS
A scanning antenna at THz region is developed based on the quasioptical techniques. The principle is described. The simulation on the properties of the antenna is implemented. The near field of the antenna is measured and the far field pattern is calculated based on the near field distribution. The experimental result agrees with the simulated one. The antenna can realize the scanning and tracking performances at THz region conveniently, and it is easier to be fabricated than the traditional scanning antenna.
